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1. Background and Motivation

Under direct impact from ballistic loads, acoustic waves will typically propagate throughout a
structural component and may cause damage to sensitive areas. Sensitive areas may be defined
as primary structural elements (PSE) that are critical for mission performance, i.e., embedded
hardware such as avionic controlling devices or intelligent systems that allow for structural state
awareness (figure 1). For structures with intelligent embedded monitoring systems, such as
mounted piezoelectric actuators, a direct impact between 150-200 m/s of small-caliber rounds
has produced catastrophic results (1). One way to reduce the wave propagation is to design a
larger structure, which lowers the resulting localized stress, while increasing undesirable weight.
Another design strategy is to guide the waves away from the critical areas by built-in energy
arresters or lightweight structured materials. Air-based vehicles, such as airplanes and
helicopters, generally require the weight to be minimized for range and endurance. This report
focuses on redirecting guided waves using non-traditional structural configurations that are
conventionally lightweight.

Diffracting Wave by
Armor Mechanism

Blast Wave

Impact Location _|

Monitoring Region_|

Monitoring
Sensors

Redirected
Wave

Figure 1. Notional embedded structural health monitoring system for impact.

Traditional passive armor platforms operate under two stages during a small arms ballistic event:

(1) arresting the projectile and (2) energy dissipation. Extensive armor research has focused on

ceramic materials, which are some of the most efficient armor materials to mitigate momentum
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transfer of a small- or medium-caliber projectile (2). Ceramic recipes rely on stiffness from
backing materials to work on arresting the projectile. These backing materials are usually bonded
behind ceramics with low-density, low-impedance, and low shear strength adhesives. The
backing is largely used to dissipate the kinetic energy in a ceramic armor system. As an example,
experimental and modeling methods have been developed to investigate mechanical responses
on sandwich composite panels subjected to the impact of explosively driven wet sand (3). Under
high-intensity dynamic loading, sandwich panels suffered 30% less deflection than equivalent
solid plates. One-dimensional studies were used to study the momentum and energy transfer to
plates in air blasts (4).

Other work investigated the dynamic behavior of two types of sandwich composites composed
of E-Glass Vinyl-Ester (EVE) face sheets and Corecell™ A-series foam with a polyurea
interlayer (5). Using a shock tube apparatus to subject samples to high-intensity impulse loading,
results show that the addition of polyurea interlayer improves the overall blast performance and
maintains structural integrity. However, ceramic armor concepts can suffer due to parasitic
weight. One method of reducing the energy is by redirecting a significant portion of the energy,
i.e., shock waves, as the projectile impacts the armor, which improves the ballistic performance
of passive armor systems (6). It is expected that the understanding and development of novel
dynamic energy dissipation mechanisms for armor systems under high ballistic loading rates will
forge the development of new and possibly improved solutions for protection (7).

Metamaterial research is an emerging area due to recent advances in additive manufacturing and
has been broadly defined as materials that have properties associated with the structure as
opposed to their inherent chemical composition. One researched metamaterial is a periodic
lattice, which has the distinct structural advantage of redundancy for load paths and contact
interface. One such periodic lattice is the auxetic configuration, which is characterized by a
negative Poisson’s ratio, where the lattice exhibits a dilatation under tensile loads and contraction
under compressive loads. Continuous periodic structures with a cell structure smaller than a
desired wavelength will attenuate and guide waves (8). Unit cells with negative internal angles
have shown to reduce the angular range of wave propagation (9). In addition, auxetic topologies
with angles between —30° and 30° have shown to propagate waves primarily in the vertical
direction. The negative internal angle has the added benefit of having significantly less
propagation in the horizontal direction. There is also a change in the directionality depending on
the frequency of the excitation.

Other work focused on in-plane wave propagation in chiral lattices using Bloch analysis, with
sets of parameters that affect the elasto-dynamic behavior, suggesting a class of lattice for
designing novel photonic metamaterials (10). Periodicity has been exploited with resistive
inductive (RL) shunted piezoelectric patches to control vibrations of a cantilever aluminum plate
(11). Results indicate that the unit cell approach can predict the actual response of the system.
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The auxetic lattice also exhibits anisotropy, which means a dependence on direction. Since the
acoustic waves must follow a path along the structure, the energy is diverted in the path of least
resistance. Functionally graded materials (FGMs) have been modeled to investigate propagation
of large amplitude waves within layered and graded structures. Results illustrate that it involves
complex coupling of elastic and viscoelastic responses (12).

2. Objectives and Technical Approach

The primary objective of this research is to understand how waves propagate in inorganic
materials under direct impact loads. A secondary goal is to develop optimized structures that
distribute energy and stress levels to specified locations. The approach is to utilize the
anisotropic behavior of auxetic periodic lattices to redirect the energy, and then to fabricate and
test the metamaterials under prescribed loading conditions that are parallel and perpendicular to
the periodicity of the lattice. The developed configurations are evaluated against a baseline
configuration, which is a simplified metallic plate.

3. Numerical Analysis

The models of three-dimensional (3-D) lattice structures are generated for finite element analysis
using solid continuum elements. In order to build and update the structures models with different
shape, size, and details of the cell, the models were generated using Abaqus/CAE with plug-in
Python codes that generate the models with different parametric features. The following features
were designed for variation, as shown in figure 2:

1. Model geometric dimensions: (X, Y, Z)

Shape of the unit cell (hexagon, rectangular, re-entrant)
Angles of the cell (0)

Sizes of the unit cell (a, h)

Wall thickness in the unit cell (ty, t)

Linear variation of the cell wall thickness in model thickness direction (Z)

N o g &~ w D

Variation of the cell wall thickness in model X-Y plane (gradually or banded)



After a geometric model is generated in Abaqus/CAE, the model is then exported as a Standard
ACIS Text (SAT) format file. The consequent models are meshed in CUBIT and solved by the

well known hydrocode Elastic-Plastic Impact Computations (EPIC).

\

(d)

2%
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(f)
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Figure 2. Finite element method (FEM) parameterization: (a) Hexagonal honeycomb (angle 6 = 30°), (b) rectangular
cell (angle 6 = 0°), (c) re-entrant cell (angle 6 = —10°), (d) hexagonal cell with linear variation of the cell
thickness in Z direction, (e) hexagonal cell with gradual variation in X-Y plane, and (f) re-entrant cell with

banded thick wall regions.

3.1 Numerical Setup

The analysis of the auxetic systems used an in-house military hydrocode, known as EPIC. EPIC
is an explicit finite element code that is used to model material response under dynamic loading
conditions (13). Developed in 1977, this code supports 1-, 2-, and 3-D calculations for a variety
of ballistics applications. The high/hyper velocity projectile-target interactions capabilities were
employed to aid with the lattice geometry. EPIC provides numerous material model options to
facilitate the modeling of a wide range of materials, including ductile solids (e.g., metals and
plastics), crushable solids (e.g., concrete and foam), liquids, brittle solids (e.g., ceramics and
glass), fabrics (e.g., Kevlar and nylon), composites, soils, and explosives. In addition, EPIC’s
material library provides more than 175 sets of material model constants. Problems involving
large deformations typically require the use of EPIC’s element erosion/conversion options,
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wherein finite elements are either eroded (eliminated) or converted to particles when their
inelastic strains have exceeded a user-specified threshold level. EPIC’s Generalized Particle
Algorithm (GPA) is used to model the behavior of the converted particles. The solid model
geometries discussed in section 3 were created in Abaqus/CAE then meshed externally with the
software CUBIT. The meshed model was then transferred to the EPIC software. The
discretization of auxetic panels was high enough to necessitate parallel processing, and the
models were solved using EPIC on eight processors.

The auxetic plates were modeled as Aluminum 5083 using EPIC’s proprietary library constants,
which uses Johnson-Cook’s (JC) strength and failure model (figure 3a). The fragment simulating
projectile (FSP) was modeled with EPIC’s 4340 Rolled Homogenous Armor (RHA) library
constant also constructed with JC strength and failure model (figure 3b). In order to distribute
the load at the impact location and reduce the projectile perforating the lattice, a secondary disk
twice the size of the FSP (11.2 mm) in diameter wide and 2 mm thick is located on top of the
lattice (seen in figure 3b). The intermediate disk provided successful results by spreading out the
force applied by the FSP to the lattice and was included in subsequent simulations.

(@) (b)

Figure 3. (a) View of projectile (green)-lattice (magenta) interface and (b) magnified view.

In order to understand the low velocity effects, the FSP travels at a prescribed impact velocity of
300 m/s. This velocity was determined after several iterations, where the structural response was
above initial noise levels without perforating the structure. Both materials use a Mie-Gruneisen
equation of state, which accounts for the relationship between the pressure and volume of a solid
at a given temperature. Two impact locations were examined to understand the relative effect of
the lattice periodicity in the x-y plane: an in-plane load located at the top surface of the panel and
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an out-of-plane load whose impact was located where the T-banded horizontal and vertically
graded unit cells intersect (figure 4).

(@) (b)

Figure 4. Loading conditions: (a) in-plane impact and (b) out of plane impact of the FSP impacting the periodic lattice.

The primary purpose of the loading study is to understand how the stress waves travel to exploit
the in-plane periodicity and answer the fundamental question whether out-of-plane loading may
be successfully directed by a periodic panel in the in-plane direction.

The loading profile from the impact was determined by summing the nodal forces at the point of
impact throughout the time interval in which the load rapidly decays. The temporal and spectral
profiles are provided in figure 5a—b. It can be seen that for the given FPS, the primary frequency
lobe is between 10-50 kHz, which will be a consideration later in the design of the unit cell size
and respective geometry selection per reference 9.

300

-~ o @
i T

Force [kN]

Momentum [kg*m/s|

Time [ps] 0 50 100 150 200 250
Frequency [kHz]

(@) (b)

Figure 5. Loading profile: (a) time domain and (b) frequency content.




3.2 Numerical Results

Full-field wave propagation effects and single point analysis are compared for given plate
configurations and loading conditions. A qualitative study of the wave propagation is performed
on three different plate configurations. A quantitative study of individual points on the plates
relative to the impact load is then provided.

3.2.1 Full-field Wave Propagation

As a qualitative comparison of the stress wave interaction within the periodic configurations,
figure 6a—c shows sequential progression at 20 us intervals of three different plate
configurations: a solid aluminum plate, a homogeneous plate with a re-entrant unit cell, and a T-
banded graded plate with a re-entrant unit cell. For comparative purposes, each plate was
designed with equivalent mass, where the length and width spatial dimensions were fixed, while
the depth of each configuration is varied.



Time: 0.000000 Time: 0.000000 Time: 0.000000

Time: 0.000020 Time: 0.000020

Time: 0.000040 ime: 0. Time: 0.000040

Time: 0.000 Time: 0.000060 Time: 0.000060

Time: 0.000080

Time: 0.000100 Time: 0.000100 Time: 0.000100

(@) (b) (©

Figure 6. Comparison of time history of wave propagation for in-plane loading: (a) solid plate, (b) uniform
auxetic lattice, and (c) graded T-banded auxetic lattice.



Qualitatively, from figure 6a, the solid plate exhibits radial waves, which are then reflected at the
boundaries and a complex interaction exists between the incident and reflected waves after the
40-ps time interval. The uniform and graded T-banded auxetic panels illustrate the apparent
vertical anisotropic behavior of the panels, where the maximum stress field is clearly vertically
oriented, particularly in the figure 6¢. Rather than radial waves, this observed redirection of the
energy is possible for in-plane impact loading due to the inherent in-plane unit cell periodicity. In
contrast, figure 7a—c depicts the solid and auxetic plates under out-of-plane loading at the 80-ps
interval, such that the axis of the FSP is perpendicular to the mid-plane of the plate.



(b) (©)
Figure 7. Comparison of time history of wave propagation for out-of-plane loading: (a) solid plate,
(b) uniform auxetic lattice, and (c) graded T-banded auxetic lattice.

The circular-crested generated waves are qualitatively evident in the solid plate (figure 7a),
whereas significantly less vertical redirection of the energy is apparent in figure 7b—c. This
phenomenon may be attributed to the single through-the-thickness unit cell within the auxetic

lattices. The anisotropy produced from the unit cell periodicity is not exploited, as observed in
the in-plane loading conditions.
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3.2.2 In-plane Loading Quantitative Comparison

For in-plane loading, the plates were monitored at specific locations to more fully understand the
effect of the auxetic lattice, consequent grading effects, and the dependence on the loading
direction. Figure 8 identifies the eight monitoring points, and table 1 provides the (x,y) locations
relative to the origin at the lower left corner. Eight points were identified for each plate
configuration: four radially aligned (numbered 1-4) and four vertically aligned (numbered 5-8).

Figure 8. Identified monitoring locations for (a) in-plane and (b) out-of-plane load.

The monitoring points (table 1) were spatially identical for each plate configuration, solid and
auxetic, for subsequent quantitative comparisons.

Table 1. Monitoring point location relative to an origin (0,0) at lower left corner.

Point X[mm] | Y [mm]
1 32 52
2 25 44
3 19 36
4 12 28
5 55 52
6 55 36
7 55 20
8 55 4

Figure 9a—b compares the radial and vertically aligned points as a function time and von Mises
stress for the uniform auxetic lattice.
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Figure 9. In-plane loading comparison per spatial location for uniform auxetic lattice: (a) radial alignment and
(b) vertically aligned points.

From figure 9a-b, it is observed that the maximum Von Mises stress occurs at Points 1 and 5,
which is expected due to their proximity to the impact location. For the radially aligned points,
the relative peak stress is reduced by 62.5% from Point 1 to Point 4, which is approximately
equivalent to the vertically aligned stress reduction of 64.5% from Point 5 to Point 8. Potential
reasons for the dramatic reduction are wave attenuation through material damping, boundary
interaction, and distribution of the energy through the periodic ligaments.

A comparison between the solid, uniform auxetic, and graded auxetic are shown for selected
points in figure 10a-b.

150

Solid
Uniform
Graded

Stress |[MPa|
Stress [MPa]

50

. . . |
50 60 70 80 %0 100
Time [ps| 0

0 10 20 30 40

(a)

Figure 10. In-plane loading solid vs. auxetic lattice configuration: (a) point 4 and (b) point 8.
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From figure 10a, the incident arrival time of the wave is a factor of 2.9 faster in the solid plate
than the auxetic lattice at radial Point 4, and a factor of 1.9 larger in peak stress amplitude. This
significant discrepancy highlights the effectiveness of the auxetic lattices to directionally orient
the energy per the designed anisotropy of unit cell. In figure 10b, the initial arrival time of the
solid plate is 9.2% faster than the auxetic configurations at the vertical Point 8, whereas the
initial peak amplitude decreases by 36.3%. These results further confirm the premise that the
energy is steered vertically as the loading remains in-plane to the periodicity, while the wave
speeds are approximately equivalent.

3.3.3 Out-of-plane Loading Quantitative Comparison

The identical eight monitoring points are compared for out-of-plane loading conditions, as
shown in figure 8b. Figure 11 presents a comparison of the uniform auxetic lattice for the radial
and vertical points, and gives specific attention to comparing the solid to auxetic lattice
configuration.
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Figure 11. Out-of-plane loading comparison per spatial location: (a) radial and (b) vertical points.

From figure 11a, the peak amplitude ratio is an estimated 3:1 ratio of radial locations Point 1 and
Point 4, whereas the peak amplitude of the vertical locations Points 5-7 are within 5%. The
distinct variation between the radial and vertical points may be attributed to anisotropy of the
auxetic lattice configuration. Figure 12a—b illustrates the solid to lattice variation as a function of
time for Point 4 and Point 8.
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Figure 12. Out-of-plane loading solid vs. lattice configuration: (a) point 4 and (b) point 8.

From figure 12a, the incident wave arrives at Point 4 in the solid configuration by a factor of 3
faster than the graded and uniform configuration, and the peak amplitude is reduced by a factor
of 1.8. Comparing the in-plane loading response in figure 10a to the out-of-plane loading
response in figure 12a, one concludes that a marginal sensitivity to loading orientation exists
relative to the unit cell periodicity. However, the results require additional investigation, such as
unit cell variation to primary load frequency content, and material variation. As seen in

figure 12b, the peak amplitude of Point 8 at 32 ps for the graded panel configuration is similar to
the in-plane loading. Thus, the stress amplitude and consequent energy is directed in the vertical
direction, or along the plate anisotropy.

4. Experimental Investigation

As a preliminary study prior to complete ballistic testing of the auxetic panel, the response to
harmonic loading and low amplitude impulse loading is performed on an auxetic lattice panel.
The following discussion highlights the experimental procedure and setup, and the consequent
results from the tests.

4.1 Experimental Setup

In order to experimentally validate the wave guiding phenomenon, an auxetic lattice consisting
of a re-entrant unit cell is excited both harmonically and through impulse loads. For convenience
to the existing manufacturing capabilities, the lattice material consists of nominal Plexiglass,
whose unit cell height is 3 mm, with overall rectangular dimensions of 210 x 200 mm

(figure 13). Fiber Bragg grating sensors (FBGs) are bonded to the lattice’s top surface to
optically detect strain. FBGs are used in conjunction with a four-channel optical sensing
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interrogator, an si920 purchased from MicronOptics, Inc. The si920 has a maximum sampling
rate of 500 kS/s for a single channel, or a 120 kS/s. By pulsing a light through the fiber, an
internal algorithm within the si920 converts the change in wavelength from the FBG to a
calibrated strain.

Figure 13a—b shows the experimental setup of the Plexiglass lattice. Two FBGs are placed along
the vertical Y-axis where the primary incident wave is expected to propagate. Two additional
FBGs are located radially at 45° from the actuator, where the propagation is expected to be
significantly less. In the harmonic loading testing, the lattice is excited using a piezoelectric
actuator, which operates by converting voltage into mechanical strain. The piezoelectric actuator
is driven by an input sine function from am Agilent 3320A wave generator. The amplitude is
kept constant, and a frequency sweep from 10 to 120 kHz is performed to evaluate the structural
response. The optical interrogator is triggered by the wave generator, such that the strain
measurements as a function of time and frequency may be recorded.

Y
A 7 '7 - _.‘ — . n
) { Fiber Bragg
.S + +— Grating Sensors
c ik 1 By o
S O R w K
@) e
hw Piezoelectric
(Q\] . Bonded Actuator
200 mm
(a) (b)

Figure 13. Auxetic panel: (a) schematic and (b) plexiglass panel with bonded piezoelectric actuator.

4.2 Experimental Results

The strain amplitudes of the auxetic lattice for different frequencies at Sensors 1 and 2 are shown
in figure 14. The strain ratio from Sensor 1 to 2 varies by 3.8:1 and 17:1 for frequencies 35 and
65 kHz, respectively. The significant amplitude decrease in figure 14a—b may be attributed to the
attenuation produced by the material damping of the composite and the anisotropy from the unit
cell orientation.
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Figure 14. Auxetic panel subjected to continuous harmonic loads: excitation frequency at (a) 35 kHz and
(b) 65 kHz.

5. Conclusions

Several conclusions may be derived from the numerical and experimental investigation.
Numerically, the full-field results demonstrated the ability to steer energy for both in- and out-of-
plane low velocity impact loading conditions. It was expected that in-plane periodicity would
enable more efficient steering when subjected to in-plane impact relative to the baseline of a
solid aluminum plate. However, only a marginal sensitivity to loading orientation exists relative
to the unit cell periodicity, as the out-of-plane loading exhibited a calculated 10% decrease to in-
plane loading. In addition, the incident arrival time of the wave is a factor of 2.9 faster in the
solid plate than the auxetic lattice, and a factor of 1.9 larger in peak stress amplitude. This
significant discrepancy highlights the effectiveness of the auxetic lattices to directionally orient
the energy per the designed anisotropy of unit cell. Experimentally, a large amplitude differential
from vertical to radial directivity may be attributed to the attenuation produced by the material
damping of the composite and the anisotropy from the unit cell orientation. However, these
numerical results require additional investigation, such as unit cell variation to primary load
frequency content, and material variation.

Furthermore, future work consists of higher fidelity experiments that enable decoupling of the

waves and to sweep higher frequency regimes, such that an accurate mapping of the wave

guiding phenomenon is achieved. Instrumentation such as Digital Image Correlation (DIC) and

3-D laser Doppler vibrometry will allow for increased resolution of the stress wave. Additional

testing using an impulse hammer experiment will be used to investigate low energy levels. Other

considerations must include the ligament to ligament connection and related instabilities, such as
16



plasticity zones near the joints. A preliminary study of standing waves within individual
ligaments and potential for energy cancelation mechanisms is underway. An extension of the
work will consider the design, fabrication, and testing of 3-D lattice-wise periodic graded panels
to explore through-thickness wave redirection. A 3-D lattice-wise system may allow for internal
structural health monitoring and increase the design space for the lattice configuration as
multifunctional configuration as a self-sensing, adaptive system for direct impact loads.
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List of Symbols, Abbreviations, and Acronyms

3-D
DIC
EPIC
EVE
FBGs
FGMs
FEM
FSP
GPA
JC
PSE
RHA
RL
SAT

three-dimensional

Digital Image Correlation
Elastic-Plastic Impact Computations
E-Glass Vinyl-Ester

fiber Bragg grating
functionally graded materials
finite element method
fragment simulating projectile
Generalized Particle Algorithm
Johnson-Cook’s

primary structural elements
rolled homogenous armor
resistive inductive

standard ACIS Text
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